We present the experimental evaluation of an internal heat exchanger or suction-line/liquid-line heat exchanger in a CO2 subcritical refrigeration plant with gas-cooler. The plant, driven by a 1.5kW CO2 semi hermetic compressor, uses brazed plate heat exchangers as condenser, evaporator and internal heat exchanger, an air finned tube gas-cooler and an electronic expansion valves. The evaluation (77 steadystates) covers evaporating temperatures from -40 to -25 ºC and condensing temperatures from -15 to 0 ºC, always at the nominal speed of the compressor. Here, the effect of the internal heat exchanger on the main energy parameters is analysed, i.e., cooling capacity, COP and heat rejection at gas-cooler and condenser. Also, the effect of the internal heat exchanger in a cascade cycle is analysed theoretically. It has been concluded that the internal heat exchanger does not improve the performance of the subcritical cycle, but it could improve the energy performance if it is used inside a cascade refrigeration system. 
NOMENCLATURE

Introduction
The Internal Heat Exchanger (IHX) or suction/liquid heat exchanger is generally used in refrigeration plants to ensure a proper function of the system and protect the integrity of the components. Its use avoids the risk of flashing gas at the inlet of the expansion device caused by pressure losses or heat transfer, since with the IHX the expansion device is fed with subcooled liquid. In addition, the IHX reduces the possibility of liquid entering to the compressor suction, as if liquid is present at the exit of the evaporator, it is evaporated in this heat exchanger. The IHX causes an increase on the specific suction volume, on the discharge temperature, a reduction of the refrigerant mass flow rate, an increase of the specific cooling capacity and pressure losses. But from the point of view of energy efficiency (COP), its effect can be positive or negative, depending on the considered refrigerant [1] . Using a theoretical approach and neglecting pressure drop, Domanski et al. [2] concluded that it is beneficial for refrigerants with high heat capacity. Mastrullo et al. [3] , considering pressure losses, obtained similar conclusions about the heat capacity, but they added that the IHX is more recommended for refrigerants that provide low COP.
The IHX is optional for plants working at high evaporating temperatures, but its use is highly recommended for applications at low evaporating temperatures, those evaporating below -20ºC, approximately. In fact, compressors manufacturers recommend to operate the plants with a minimum gas superheat at suction of 20 K to avoid problems related with lubrication and to extend the useful life of the compressor. To achieve it two possibilities exist, increasing the degree of superheat at the evaporator with the expansion device, which turns usually in a decrease of energy efficiency, or using the IHX, which influence on the energy efficiency will depend on the considered refrigerant.
After the adoption of the new F-Gas regulation in Europe [4] , the systems which are attracting more attention for commercial refrigeration at low evaporating temperatures are cascade plants using temperatures from 31 to 34 ºC verified experimentally that the IHX enhanced the energy performance.
They measured increments of COP and cooling capacity up to 12%, and observed the improvement was better at low evaporating temperatures. Also, Sanchez et al. [9] , under a different experimental analysis 5 and with different locations of the IHX in the transcritical cycle, observed it improved the performance. The unique drawback pointed out by the authors was the increase of the compressor discharge temperature due to the use of the IHX, which reached up to 20ºC.
As mentioned, the influence of the IHX in CO2 7 subcritical cycles has only been addressed theoretically for operating conditions over -20 ºC of evaporating temperature and for condensing temperature higher than 10 ºC [ ]. Also, the usual criterion to determine the possible advantage of adopting this heat exchanger (Domanski et al. [2] , Aprea et al. [10] and Klein et al. [11] ) do not offer coherent results for subcritical CO2
cycles, since the condensing temperatures of the CO2 subcritical cycles are lowest than the considered for establishing the criterions. Accordingly, the objective of this work is to cover this lack of research presenting the experimental evaluation of the energy implications of the use of the IHX in a CO2 subcritical refrigeration plant for low evaporating temperatures and discussing its energy implication. The evaluation, made with an experimental plant driven by a semi hermetic compressor, covers evaporating temperatures from -40 to -25 ºC and condensing temperatures from -15 to 0 ºC, the usual temperature range in commercial refrigeration at low temperature.
Experimental plant and measurement system
The results analysed in this work are based on the experimental results obtained with an experimental . This valve regulates the degree of superheat at the evaporator exit (point 13) with a NTC and a pressure gauge. Finally, the vapour refrigerant is superheated in the IHX (points 14 to 15). As depicted in , the vapour line incorporates a bypass that allows operating with and without the IHX.. 
Experimental procedure and data validation
The test campaign used to evaluate the performance of the subcritical CO2 refrigeration system working with and without IHX covered evaporating temperatures from -40 to -25 ºC and condensing temperatures from -15 to 0.7 ºC. The speed of the CO2 compressor was maintained at its nominal value of 1450 rpm and the test were done fixing a degree of superheat in the CO2
The plant was analysed operating at a fixed evaporating temperature ( Experimental data was validated comparing the heat transfer rates in the evaporator and in the condenser.
In the evaporator, the cooling capacity provided by the cycle, Equation (1), was contrasted with the heat transfer rate of the secondary fluid, Equation (2) . Their difference in average was of 2.4 % working without IHX and of 3.3 % with IHX. In the condenser, the heat rejection of CO2 (3) in the condenser, Equation ,
was compared with the cooling capacity of the R134a cycle, Equation (4) . Their difference in average was of 2.7 % working without IHX and of 2.9 % with IHX. To evaluate these heat transfer rates, Tyfoxit properties provided by the manufacturer [13] and Refprop 9.1. [14] database were used for the calculations. The expansion processes were considered isenthalpic. Heat transfer rates validation is presented in Figure 3 for the operation with and without IHX. Also, the uncertainty of the main energy parameters has been evaluated using Moffat's method [15] , being the uncertainty of the cooling capacity of 0.675% without IHX and of 0.495% with IHX, and of the COP of 1.103% without IHX and 0.998% with IHX. Figure 3 . Heat transfer rates validation in condenser and evaporator
Discussion of experimental results
In this section, we discuss the experimental results of the modifications that implies the use of the IHX in the CO2 subcritical refrigeration cycle. First, we discuss the thermal effectiveness of the heat exchanger and the modifications it causes on the compressor temperatures, then, we analyse the modifications on the capacity, COP and heat rejection.
Suction and discharge temperatures
The use of the IHX in the refrigeration cycle introduces modifications in the temperature at the inlet of the expansion device and at the compressor suction. These temperature differences, neglecting the superheat in the evaporator and the subcooling previous entering the IHX, can be related with the thermal effectiveness of the IHX, Equation (5), and evaporation and condensing temperatures, with Equation (6) for the superheating degree, and with Equation (7) for the subcooling degree in the IHX.
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If Equations (6) and (7) are contrasted, it can be observed that both temperature differences are related between them with the ratio of specific capacities of vapour and liquid. For CO2
Equation
, this ratio ranges from 0.34 to 0.56 in the test range. Accordingly, the superheating degree in the IHX is higher than the subcooling degree, being the first which influences most the behaviour of the plant, since it modifies the suction conditions at the compressor.
(5) was used to determine the experimental thermal effectiveness of the IHX, whose variation range is presented in Table 1 , its values ranging from 68.0% to 98.4%. And Equation (8) 
From Equation (8) and Table 1 , it can be observed that the thermal effectiveness is higher at lower evaporating levels and increases when the condensing temperature rises. Both effects are related with the refrigerant mass flow rate in the cycle, when lowest the refrigerant mass flow rate is, the thermal effectiveness of the subcooler is higher.
This superheating degree in the IHX is translated to the compressor suction temperature. The experimental evolutions of this temperature when the IHX is used and when not are presented in Figure 4 .
In Figure 4 , it is also represented the condition in which the suction temperature equals to the condensing temperature, which would be the situation when the thermal effectiveness of the IHX is of 100%. As it can be observed for the operation without IHX, the suction temperature and the degree of superheat at compressor suction are below the value recommended by the compressor manufacturer (20 ºC), which could introduce problems with the lubricating oil. However, the use of the IHX increases this superheating 11 to admissible values. As it can be observed in Figure 4 , the suction temperature when the IHX is used is not much dependent on the evaporating level. The reason of this is that the thermal effectiveness decreases at high evaporating levels but rises at low evaporating temperatures, which is the operating condition when highest superheating degree at suction is needed. The superheating degree is directly translated to the compressor discharge temperature. In Figure 5 , the experimental discharge temperatures of the CO2 compressor are presented. The maximum increase of the discharge temperature by the use of the IHX ranged from 10.2 ºC at -25.0 ºC to 14.7 ºC at -40.0 ºC.
Discharge temperatures are inside the range recommended by the manufacturer and pose no problem, but as it is analysed in subsection 4.5 the increase of this temperature supposes an improvement of the subcritical cycle when it is a part of a cascade system. 
Cooling capacity
The IHX has two opposite effects on the refrigeration capacity of the cycle, Equation (9): First, the increase of the suction temperature causes an increment of the specific suction volume, whose consequence is a reduction of the refrigerant mass flow rate, Equation (10) , which tends to reduce the refrigeration capacity. Second, the subcooling in the IHX increases the specific cooling capacity, which tends to increase the refrigeration capacity of the cycle. The variation of the refrigeration capacity will depend on both effects. On the other side, the experimental specific cooling capacities are represented in Figure 7 for the operation with and without IHX. As it can be observed, the specific cooling capacity is always increased due to the subcooling of the liquid in this heat exchanger. Inside the test range, the increase of the specific cooling capacities vary between 2.0 to 2.8 % at -25 ºC and 3.2 to 5.3 % at -40 ºC. It needs to be mentioned that the increase of the specific capacity is higher at high condensing temperatures. 
COP
The next energy parameter in importance to be analysed is the COP of the plant and its variations when the IHX is used. The COP depends on the cooling capacity, the compressor power consumption and the power consumption of the fan of the gas-cooler, as presented by Equation (11).
About the power consumption, the power consumption of the fan of the gas-cooler has a constant value of 75W, whereas the variations of the compressor power consumption are for all the tests below 0.5 %, in the same way as analysed for transcritical CO2 8 plants [ ]. Accordingly, variations of COP are more bonded to variations of capacity.
The COP experimental evolutions over the test range are presented in Figure 9 . As it can be observed the reductions on COP when the IHX is used are small and they can be also positive at low evaporating temperatures and low condensing temperatures. For the experimental data, the reductions in COP vary from 1.58 to 3.29 % at -25 ºC and from 1.06 to an increase of 0.45 % at -40ºC. 
Heat rejection
Finally, although not usually considered in works related with the performance of the IHX, it is worth analysing the variations on the heat rejection induced by the use of this heat exchanger. As presented in Figure 5 , the compressor discharge temperatures are always higher than the environment temperature (20 ± 3.2 ºC). Due to this reason, this refrigeration plant incorporates a gas-cooler heat exchanger previous entering the condensers of the plant (Figure 1 ) to reject the possible heat to the environment (points 3 to 4
in Figure 1 ) and avoid pumping it to the high temperature cycle. Accordingly, the heat transfer we analyse is the sum of the heat transferred to the environment in the gas-cooler and the heat transfer during condensation of CO2
In in the condensers. Figure 10 , the heat rejection in the gas-cooler and in the condensers is presented, this evaluated with Equation (12) . This heat rejection would be the one to be transferred to the high-temperature cycle if the gas-cooler is not used. In this case, the use of the IHX produces a reduction of this heat transfer, caused by the reduction of the refrigerant mass flow rate ( Figure 6 ) but attenuated by the increase of the compressor discharge temperature ( Figure 5 ). The measured reductions of this heat transfer rate vary from 0.77 to 3.41 % at -25 ºC and 2.12 to 2.45 % at -40 ºC. Since over all the operating range this heat Considering only the heat rejection at the condenser, this evaluated from experimental data with Equation (3), its evolutions are presented in Figure 11 . Again, the use of the IHX reduces the heat to be transferred in the condensers, in this case because of the reduction of the refrigerant mass flow rate, since the inlet temperature of the refrigerant to the condensers (points 5 and 6) practically coincide for the operation with and without IHX, as it can be appreciated in Figure 2 . This coincidence of the inlet temperature to the condensers is caused by the gas-cooler. In this case, the reductions of the condensing heat transfer vary from 4.78 to 4.91 % at -25 ºC and from 3.71 to 4.82 % at -40 ºC. 
Effect on a cascade system
As mentioned before, the use of the IHX with the combination of a gas-cooler in the subcritical cycle reduces the heat to be transferred to the high temperature cycle. To analyse the effect of the IHX on the whole cycle, that is a combination of the subcritical cycle with a high temperature cycle (cascade refrigeration system), the COP of the whole system must be considered.
The COP of the cycle combinations, denoted as COPcasc (13) (13) and (14) results in Equation (15) . If Equation (15) is analysed, considering the COPHT constant, it can be observed that the COPcasc
would be improved if , is reduced. 
To quantify the effect of the IHX on the cascade system, the percentage variation of the COPcasc 
Conclusions
In this work the effect of the Internal Heat Exchanger (IHX) in a CO2 subcritical refrigeration cycle has been analysed from an experimental point of view. The evaluation has been performed with a subcritical single-stage CO2
It has been observed that the IHX operated with high thermal effectiveness, those ranging from 68.0 to 98.4 %, being its effectiveness higher at lower evaporating levels. This dependence of the effectiveness on the evaporating level resulted in compressor suction temperatures independent on the evaporating level, assuring in all the evaluation range a degree of superheat at suction higher than 20 ºC. The maximum measured discharge temperature increment were of 14.7 ºC, and occurred at low evaporating levels.
cycle driven by a semi hermetic compressor with a refrigeration plant that incorporates a gas-cooler previous entering the condensers. The experimental evaluation has covered evaporating temperatures from -40 to -25 ºC and condensing temperatures from -15 to 0 ºC, the usual temperature range in commercial refrigeration.
Regarding the effect of the IHX on the energy parameters of the subcritical cycle, it has been observed a reduction of the capacity provided by the plant, which ranged from 1.1 to 3.7 %. This reduction was mainly Nonetheless, the use of the IHX with a combination of a gas-cooler in the CO cycle, reductions from 1.8 to 3.29 % were measured at -25 ºC of evaporation temperature, but small improvements up to 0.45 % were observed at -40 ºC. 2 Accordingly, it can be concluded that despite the reductions of capacity and COP in the CO subcritical cycle resulted in reductions of the heat to be transferred in the cascade condenser, reductions which were more important at low evaporating levels. This reductions of the heat transferred to the high temperature cycle in cascade systems produced increments on the COP of the cascade system from 0.15 to 2.91 %. 2 subcritical cycle, the use of an IHX in the CO2 cycle introduces beneficial effects, since it assures a minimum degree of superheat at the suction of the compressor, allows avoiding problems with the lubricant oil and can increment the COP of the whole cascade system.
